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Abstract. The hyperfine constants of the levels 2p^(^P)3s ''Pj, 2p^(='P)3p "P} and 2p^(3p)3p ^D°j, de- 
duced by Jennerich et al. [Eur. Phys. J. D 40, 81 (2006)] from the observed hyperfine structures of the 
transitions 2p^(^P)3s "Pj -^ 2p^(^P)3p '^Pj, and 2p^(^P)3s *Pj -> 2p^(^P)3p "D}, recorded by saturation 
spectroscopy in the near-infrared, strongly disagree with the ab initio values of Jonsson et al. [J. Phys. B: 
At. Mol. Opt. Phys. 43,115006 (2010)]. We propose a new interpretation of the recorded weak spectral lines. 
If the latter are indeed reinterpreted as crossover signals, a new set of experimental hyperfine constants is 
deduced, in very good agreement with the ab initio predictions. 
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In 1943, Holmes [3] measured the isotope shifts (IS) of 
the 2p2(3p)35 4p_^ ^ 2p2(3p)3p ipo,^ 2p2(3p)3s 2pj _^ 

2p2(3p)3p 2po^ ^j^jj 2p2(3p)3s ipj ^ 2p2(3p)3p 4go^ 

transitions for the ^'^N— ^^N isotopic pair. He observed a 
surprising variation of the IS from one multiplet compo- 
nent to another of the same transition. Cangiano et al. [3] 
later confirmed this effect by measuring the hyperfine struc- 
ture constants and isotope shifts of the 2p^('^P)3s "^Pj — )■ 
2p2j'3p-j3p 4po^ transitions using an external cavity diode 
laser and Doppler-free techniques. More recently, the hy- 
perfine structures of these near-infrared transitions have 
been remeasured by Jennerich et al. [Ij , also using satura- 
tion absorption spectroscopy but improving the spectral 
resolution. In the same work, the authors completed this 
study by investigating the structure of 2p^('^P)3s '^Pj — )■ 
2p^('^P)3p ''Dj, transitions around 870 nm. Values of the 
hyperfine structure coupling constants of all the upper and 
lower multiplets were obtained for both isotopes. Isotope 
shifts of three transitions in each multiplet were also mea- 
sured and the significant J-dcpendence of the shifts was 
confirmed. The authors appealed for further theoretical 
investigation to confirm the observations. 

In response to this, Jonsson et al. [2] calculated the 
electronic hyperfine factors using elaborate correlation mod- 
els. The resulting ab initio hyperfine constants disagree 
completely with the experimental parameters obtained by 
fitting the observed hyperfine spectra [T]. This disagree- 
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ment calls for a reinterpretation of the experimental spec- 
tral lines. 

The saturated-absorption spectroscopy is a Doppler- 
free method which measures the absorption of a probe 
beam in an atomic vapor cell saturated by a counter- 
propagating pump beam. The absorption spectrum of the 
probe beam featured several Lamb-dips with a width of 
the order of the natural width. When the Doppler-broade- 
ned line spreads on several transitions, as for instance 
in hyperfine spectra, crossover signals often appear when 
the pump and probe laser beams frequency corresponds 
to the average of the frequencies of two hyperfine tran- 
sitions [S]. A crossover signal might then show up in a 
spectrum between hyperfine lines sharing either the lower 
level or the upper level (involving three levels), or none of 
them (involving four levels) [6l|7]- In the former case, if the 
common level is the lower one, the two beams propagat- 
ing through the atomic vapor both contribute in reducing 
its population. The probe beam absorption then weakens, 
like the absorption hyperfine lines. This corresponds to 
a positive intensity crossover. If the common level is the 
upper one, the probe beam absorption signal may either 
increase or decrease [BJiT^^ . If the probe beam absorption 
spectrum is resolved and strong enough, crossover signals 
might be helpful in identifying unambiguously the hyper- 
fine lines [H]- More frequently, their presence complicates 
the spectral analysis due to possible overlaps with the hy- 
perfine components themselves. Moreover, the theory of 
crossover intensities is rather complex. A sign inversion 
of the crossover intensities has been observed in the hy- 



Carette ei al: Saturation spectra of low lying states of Nitrogen: reconciling experiment with theory 



perfine spectrum of the sodium Dl line with a change 
of the vapor temperature '10'. Saturation effects, opti- 
cal pumping jll,12,13,14 , radiation pressure [T5], pump 
and probe beam-polarizations |16j . may also affect the in- 
tensities of hyperfine lines and crossover signals. Recent 
progress has been achieved in saturated absorption spec- 
troscopy to eliminate crossovers in hyperfine spectra. The 
hyperfine structure spectrum of the rubidium D2 line has 
been so measured |17j using a vapor nano-cell. The same 
spectrum, measured in saturated absorption spectroscopy, 
with copropagating pump and probe laser beams of the 
same intensity, is also free of crossovers [18] . 

While the strong hyperfine lines are relatively easy to 
identify, the weak components are usually not. The exis- 
tence of crossover resonances as a consequence of the sat- 
urated absorption technique was recognized in only two 
transitions studied by Jennerich et al. p. In the present 
work, we completely revisit their saturation spectra, call- 
ing their line assignments in question. Starting from the 
fact that the strong mismatch between observation and 
theory only concerns the weak hyperfine lines (see sec- 
tion ^1), we reinterpret most of them as crossover signals 
(see section [3]). The new set of hyperfine constants is con- 
sistent with the ab initio results of Jonsson et al. j2j. 



2 Hyperfine spectra simulations 

The hyperfine structure of a spectrum is caused by the 
interaction of the angular momentum of the electrons (J) 
and of the nucleus (I), forming the total atomic angular 
momentum F = I -I- J. Neglecting the higher order multi- 
poles as well as the off-diagonal effects, the energy Wp of 
a hyperfine level, characterized by the quantum number 
F associated to F, is 



Wf :^Wj + A 



C , ^3C( C + l)-4/(J+l)J(J + l) 
8/(2/-l)J(2J-l) 



B 



(1) 



viiihC = F{F+\)-I{I+\)-J{J+l). M^j is the energy 
of the fine structure level J . A and B are the hyperfine 
constants that describe respectively the magnetic dipole 
and electric quadrupole interactions. 

Giving A and B in MHz, the frequency of a hyperfine 
transition between two levels [JF) and [J'F') is: 

1/ = t/Q + a' A' + h'B' -aA-bB (2) 

where the primed symbols stand for the upper level, i^o is 
the frequency of the J- J' transition. The factors a and b 
(a' and b') are the coefficients that weight the hyperfine 
constants A and B {A' and B') in formula (IT]), i.e. 

_C 3C(C+l)-4/(/ + l)J(J + l 

"~2" ' ~ 8/(2/-l)J(2J- 1) 



(3) 



To be consistent with [T], we simulate the spectra using 
Lorentzian line shapes with a 70 MHz width corresponding 
to the natural linewidth. The relative intensities of the 
hyperfine lines Ir are deduced from the formula |19j 



/^ = (2i^ + l)(2i^' + l) 



J I F 
F' 1 J' 



(4) 



The total nuclear angular momentum / of the iso- 
topes ^^N and ^''N are equal to 1/2 and 1, respectively. 
The nuclear quadrupole moment Q is non zero for the 
isotope i^N only, Q(i4N)=-h0.02001(10) b [20]. The nu- 
clear magnetic moments of the isotopes are /x/(^^N) = 
-0.28318884(5) nm and m/("N)= -^0.40376100(6) nm gU]. 
The expected ratio between the magnetic hyperfine con- 
stants characterizing a given J-level of the two isotopes 
should be 



Aj(^^n)Mj(^*n) 



/i/(15N)/(14N) 



-1.4028. 



(5) 



^/(14N)/(15N) 

Table [I] presents the ab initio hyperfine constants A 
and B of Jonsson et al. [2] , obtained from elaborate mul- 
ticonfigurational Hartree-Fock calculations with relativis- 
tic corrections, together with the experimental ones of 
Jennerich et al. [T]. As concluded in [5], the huge and 
systematic disagreement between observation and theory 
appeals for further investigations. We compare those two 
sets through their corresponding spectral simulations. Fig- 
ures [1] and [2] display the recorded and simulated spectra 
for transitions 3s '*P5/2 — ^ 3p "'P3/2 5/2 of both isotopes 
^'^N and ^''N. The upper spectra are the ones recorded by 
Jennerich et al. [1] (the dots that became short horizon- 
tal lines in the digitizing process of the original figures, 
correspond to the recorded data while the continuous line 
is the result of their fit). The middle and bottom parts 
of the figures are the synthetic spectra calculated using 
the original experimental constants from [1] and the ab 
initio constants from [5], respectively, and are denoted 
hereafter S and St- For the latter, we add a t-subscript to 
the letters a,b,c,..., characterizing the transitions. One 
observes that the huge disagreement between the theo- 
retical and experimental hyperfine constants reported in 
Table [T] mostly concerns the weak line's positions, while 
the intense lines agree satisfactorily. 

In Figure [ll each simulation is accompanied by its 
corresponding level and transition diagrams specifying, 
for each hyperfine spectral line, the upper and lower F- 
values. From the diagram corresponding to the transition 



5/2 



P° ,„ of ^^N (left part of Figure [T|), one realizes 



4t>o 



3/2 



that the lines b and c have a common upperTevel. It means 
that a crossover could appear at a frequency {vb + t'c)/2. 
The line b of the simulated experimental spectra S could 
be reinterpreted as a crossover signal of lines bt and Ct 
of the theoretical spectrum St- Why the crossover signal 
b ~ co{bt, Ct) appears while the real line bt does not show 
up, is unclear. Likewise, the experimental line b of the ^^N 
spectrum (right part of Figure [l]) can be reinterpreted as 
the crossover of at and bt while e could be the crossover 
of Ct and et- These observations are the starting point of 
the present analysis. The same arguments apply to all low 
intensity lines of the experimental spectra of the transi- 
tions *P5/2 -^ ''P5/2 (^^^ Figure p|. The hyperfine level 



diagrams of the transitions P5/2 



-^ 



*D 



3/2,5/2 



differing 



from those of ^P5/2 -> "'-P3/2 5/2 only by their upper level 
spacing, their spectra are alike and a similar reinterpreta- 
tion of the experimental signals in terms of crossovers is 
possible. 
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Table 1. Comparison between the original experimental [T] and the ab initio [2] hyperfine constants with the new values 
determined from the present analysis. All values are in MHz. 







15N 








14n 








State 


Exp. jT] 


Theory [2] 


This work 


Exp. [T] 




Theory [2] 


This work 




A 


A 


A 


A 


B 


A 


B 


A 


B 


"Pl/2 


( +103.4(14) 
\ -153.1(23)" 


-140.56 


-153.1(23) 


( -69.76(90) 
1+112.3(13)" 


0.0 


100.21 


0.0 


112.3(13) 


0.0 


P3/2 


-47.93(48) 


-87.62 


-95.86(96) 


35.52(44) 


-0.98(48) 


62.46 


4.10 


68.33(69)'' 


3.5(91) 


'P5/2 


-90.71(71) 


-175.12 


-181.4(15) 


64.76(42) 


-3.9(10) 


124.84 


-5.12 


129.52(84) 


-7.8(20) 


4-po 
^1/2 


167.1(13) 


73.29 


71.2(23) 


-133.2(22) 


0.0 


-52.25 


0.0 


-50.78(17)'' 


0.0 


4po 
^3/2 


70.0(12) 


-71.60 


-66.1(23) 


-48.56(74) 


8.69(87) 


51.04 


-2.95 


46.2(15) 


-2.7(17) 


4po 

^5/2 


46.20(74) 


-46.52 


-44.5(15) 


-32.83(44) 


5.0(11) 


33.16 


2.57 


31.93(86) 


1.1(21) 


4-p,o 


J +153.1(23) 
1 -103.4(14)" 


-104.02 


-103.4(14) 


f -112.3(13) 
\ +69.76(90)" 


0.0 


74.15 


0.0 


69.76(90) 


0.0 


4-p,o 
^3/2 


92.4(17) 


-44.49 


-43.7(28) 


-64.41(79) 


10.46(88) 


31.71 


0.30 


30.3(15) 


-0.9(17) 


4-p,o 


41.5(14) 


-51.57 


-49.2(22) 


-28.19(62) 


-0.2(15) 


36.76 


-1.69 


36.6(11) 


-4.1(25) 


4-p,o 


-9.35(55) 


-78.04 


-77.4(11) 


6.31(72) 


-12.6(13) 


55.63 


-6.44 


55.2(11) 


-9.9(26) 



" Second proposition of 
'' Values taken from the 



Jennerich et al. [T] (see text), 
constraint yl(i5N)/yl(^'*N) = 



T.4028. 



In the following section, we show that the ab initio hy- 
perfine constants [2] of the states ^P3/2 5/21 ^Dg ,3 5/2 7/2 
and *P5/2 are compatible with the recorded spectra of 
Jennerich et al. [1], at the condition that we identify the 
low intensity lines as crossover signals. We also confirm 
the intense hyperfine line's identification. We then dis- 
cuss the hyperfine spectra corresponding to the transi- 
tions ^P3/2 — > *P°/2 and ^Pi/2 — > ''D1/2J which are ana- 
lyzed somewhat differently. A new set of hyperfine con- 
stants is deduced and used to compare the unresolved 
experimental spectra '*Pi/2 -^ ^^3/2' ^-'^3/2 ^ ''^'3/2^'^'^ 

4-p , . 4-nn i_. il_ ^ il i-^_.- 

1^3/2 



''Pg ,2 to the theoretical simulations. 



3 Interpretation of the weak lines in terms of 
crossovers 

The procedure to deduce a new set of hyperfine constants 
is based on the reinterpretation of the original spectra 
recorded by Jennerich et al. [1]. The line frequencies are 
recalculated from their original set of hyperfine constants 
using equation ([2|. The residuals (data minus fit) reported 
in [1] being small - about 4% of the most intense line - and 
rather featureless, the uncertainties of the original hyper- 
fine constants can be safely used to estimate the error bars 
of the recalculated "observed" frequencies, at least in the 
absence of crossovers in their fitting procedure. At this 
stage, the errors quoted in Table [l] in the column "this 
work" are accuracy indicators that should be definitely 
refined through a final fit of the recorded spectra on the 
basis of the present analysis. Note that the relative inten- 
sity factors (H, useful to distinguish the "strong" from 
the "weak" hyperfine components, are only used in the 
present work for building the spectra. They never affect 



however the equations allowing to extract the hyperfine 
parameters from the recalculated line frequencies. 



3.1 i^N: 4p 



5/2 



''3/2,5/2 ^"^ 



5/2 



'3/2,5/2,7/2 



The hyperfine spectra corresponding to the transitions 
'P5/2 ^ 'P3/2,5/2 and 4p5/2 ^ *D°/2^5/2,7/2 of ^^N havc 
two intense lines and one or two weak lines. The intense 
lines do not share any hyperfine level. Their frequency are 
given by the formula (pi) , where the quadrupole term van- 
ishes (/ — 1/2). Let us set the frequency of the center 
of gravity of the spectrum S to zero, and define the Sc 
spectrum simulated with a new set of hyperfine constants 
that we want to determine. The c subscript stands for the 
reassignment of the weak measured lines to crossovers. By 
defining Si^q as the center of gravity of this latter spectrum 
and denoting vi and 1^2 the frequencies of two intense lines 
in the two S and Sc spectra, one has 



vi — a'lA'^ — aiAc = Svo + a'lA' — aiA , (6) 

V2 = a'^A'^ - 02 Ae = 6i^a + a'^A' - aa^ (7) 



where A'^ and A^ {A' and A) are respectively the hyper- 
fine constants of the upper and lower levels, in the S {Sc) 
spectrum. 

The frequency v^ of the experimental hyperfine line 
interpreted as a crossover signal in the Sc spectrum and 
sharing the upper state with the intense line 1^2, verifies 



1/3 = fljA'g ~ aiAc = Si^Q + fljA' 



fli +02 



A. 



(8) 



Equations ([6|, ([t]) and ([8| form a well defined system of 
three linear equations for the unknowns A', A and Si^q. 
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100 MHz 

hyperfine spectra of the transition ''P 



100 MHz 



Fig. 1. Top : hyperfine spectra of the transition '*P5/2 — > *P3/2 recorded by Jennerich et al. fTj for both isotopes (digitized from 
the figures of the original article). Middle and bottom : level and transition diagrams and corresponding simulated spectra, S 
and St (omitting the crossovers), using respectively the experimental constants of Jennerich et al. [l] and the ab initio theoretical 
constants of Jonsson et al. [2]. For the latter, a t-subscript is added to the line symbol. The used linewidth is 70 MHz. The 
center of gravity of both S and St is set to zero. 
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Fig. 2. Top : hyperfine spectra of the transition ''P5/2 — >■ '^Pt/2 recorded by Jennerich et al. [T] for both isotopes (digitized from 
the figures of the original article). Middle and bottom : level and transition diagrams and corresponding simulated spectra, S 
and St (omitting the crossovers), using respectively the experimental constants of Jennerich et al. [l] and the ab initio theoretical 
constants of Jonsson et al. 2 . For the latter, a t-subscript is added to the line symbol. The used linewidth is 70 MHz. The 
center of gravity of both S and St is set to zero. 



Solving it, we get 



A 


= 2/ 


le , 






A' 


= K 


+ 


ai - 




(5fn 


= < 


^2 


-O] 


°»i 



(9) 
(10) 

(11) 



The new values of the hyperfine constants [A and A!) of 
the states involved in the transitions ^P5/2 ~^ ''P3/2 5/2 
and ^P5/2 — > ^03/2 5/2 7/2' ^''^ presented in Tablenl They 
are in good agreement with the ah initio values for all the 
considered states. 

The left parts of Figures [3] and |4] display the recorded 
and simulated spectra for transitions 3s ^P5/2 -> 3p ^^^i^i 
*Dy ,2 of ^^N. The uppermost spectrum is the one recorded 
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by Jennerich et al. [T]. The middle (S) and bottom (Sc) 
synthetic spectra, with their corresponding level and tran- 
sition diagrams, are calculated using the original experi- 
mental constants from [1] and the new constants A' and 
A derived from equations ^ and (10 1, respectively. We 
use the c-subscript to label the Sc lines. In the lower level 
diagrams, we represent our reassignment by indicating the 
concerned crossovers, including a thick dashed line linking 
the common upper level with a virtual level situated be- 
tween the two involved lower levels. Furthermore, we draw 
a cross to emphasize the equidistance of the crossover from 
each of its underlying hyperfine transitions. It should be 
pointed out that Jennerich et al. [T] wrongly inverted the 
intensities of the hyperfine lines b {F = 3 ^i' F' — 4) and 
c (F = 3 — > F' = 3) in the level diagram of the transi- 



tion *P 



5/2 — > ^^'j/2- Moreover, line c should have been 



labeled b in Figure 2(g) of their article. Finally, the upper 
level of line a should be F' = 3 instead of F' = 4 contrar- 
ily to what the hyperfine level diagram of their Figure 4(e) 
indicates. 



From equation ( 11 ) we also deduce the center of gravity 



Svq of the different fine structure transitions. We obtain 
Si/Q = for the transitions ^^P 



5/2 

J'), Si^o = -11.34(9)MHz for "p 
Svo = 5.67(5)MHz for '^¥5/2 - 



4po 4t-)0 ( J _ 

^5/2' -^5/2 y-^ ^ 

5/2 —>■ P3/21 D3/2 ^-nd 
4t-)0 

^7/2- 



3.2 14N: 4p^/2 ^ 4po^^^^^^ 3„d 4p^^^ ^ '^l/2.„2^y2 

The case of isotope ^"^N is slightly complicated by the non- 
vanishing electric quadrupolar interaction, but the pres- 
ence of three well identified lines permits us to perform 
the same analysis. If vi, V2 and v-^ are the intense line 
frequencies, their assignment gives : 

vx = fljAg + 61 Bg - aiAc ~ biBe 

= Si^a + a\A' + b\B' - aiA - biB , (12) 

1^2 ^ a'^K + b'2B'e - 02 ^e - fo2-Be 

= Si^a + a'^A' + b'^B' - asA - 62-8 , (13) 

i/3 = 03^1 + fogSe - "3^6 " hB^ 

= 5vq + a'^A' + 63B' - agA - 63B . (14) 



If amongst the observed weak lines of a given spectrum, 
1^4 and vq are identified as crossover signals, one has two 
additional constraints : 



Vi ^ a'^A'^ + b'^B'^ - aiAc - biB^ 

= Suo + a^A + b^B A — B , (15) 



^5 = a'^A'^ + b'^B'^ - a2Ae ~ 62 B^ 

' .' , j,'D' "2 + 03 , b2 + b:i 



5vq + a'^A' + b'^B' 



-A- 



B .(16) 



As for isotope ^^N, new experimental hyperfine con- 
stants A' , A, B' , B and the center of gravity Si^o of the 



considered transition are determined from 

A = 2A, (17) 

A' = A'^ ~ D-^ 
X {A, [ax{b'2 - b's) + a2{b'^ - b[) + asib'x - b'^)] 
+B, Mb'^ - b',) + 62(6^ - b[) + b3{b[ - y^)]} (18) 
B = 2Be (19) 

B' = B'^- D^^ 
X {Ae [ai{a'2 - flg) -I- 02(03 - a'x) + 03(01 - 03)] 

+Be [61(4 - 4) + ^2(4 - a'l) + Ha'i - 4)]} (20) 
aAe + l3Be 



where 



D 



(21) 



D = a[{b', - y,) + a'M - b\) + a'^{b\ - b'^) , 

a = oi(o2&3 - O362) + 02(036'^ - O1&3) + 03(o'i62 - «2^i) > 

/3 = b,{a'^b'^ - a'^b'^) + b2{a'^b\ ~ a'^b'^) + b^ia'.b', - 4b[) . 

The so-deduced values of A' , A, B' and B are given 
in Table IT They are in good agreement with the ab initio 
theoretica hyperfine constants. Like above, the right parts 
of Figures 3] and |4] present the hyperfine spectra and level 
diagrams of the two transitions ^P5/2 — >■ '^^5/2^ ^^7/2 ^^^ 
the isotope ^^N. We should again point out that the Fig- 
ure 3(e) of Jennerich et al. [F is misleading since it shows 
an increasing energy for a decreasing F for the '^Dy^. It 

corresponds to a negative ^47/2^'^°) while it is, according 
to their analysis, positive. Their systematic labeling of the 
lines (o, b,c, . . . for increasing hyperfine transition energy) 
is therefore not respected for this spectrum. 

We find Svq — for the transitions ''P5/2 ^ ^f*5/2' 
4D°/2,(5i^o = 21.68(17) MHz for ^¥5/2-^ ^P3/2, ^03/2 
and 61^0 = -10.84(9)MHz for ^¥5/2 -^ '*D°/2- 

One should expect the quadrupole hyperfine constant 
B of the state ''Dg ,3 to be rather small. Indeed, in the 
context of hyperfine simulations based on the Casimir for- 
mula and in the non-relativistic approximation, the main 
contribution to the B constants is given by [21' : 



B, 



-GQb, 



6{L.jy - 3{L.J) - 2L(F + 1)J(J+1) 

L(2L-l)(J+l)(2J + 3) 

(22) 
where G — 234.96475 is used for obtaining Bj in MHz 
when expressing the quadrupole moment Q in barns, the 
hyperfine parameter bq in Oq and with 

( i. J ) = i [J{J + 1) + L{L + 1) - 5(5 + 1)] . (23) 

It is easily verified that equation ( |22| ) vanishes for the 
''D3 ,2 state of ^^N. Therefore, a non-zero 5(^02 ,2) value 



should be interpreted as arising from higher order rela- 
tivistic effects and/or in terms of hyperfine interaction 
between levels of different J. From the present analysis, 
we deduce Bi^^B"^^) = -0.9(17) MHz, which is from this 
point of view, more realistic than the experimental value 
(+10.46(88) MHz) reported in [1]. 
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Fig. 3. Top : hyperfine spectra of the transition *P5/2 — >■ *P5/2 recorded by Jennerich et al. [T] for both isotopes (digitized 
from the figures of the original article). Middle: level and transition diagrams and corresponding simulated S spectra using the 
experimental hyperfine constants of Jennerich et al. [T]. Bottom: level and transition diagrams and corresponding simulated Sc 
spectra using the hyperfine constant values calculated from equations (9)-(ll) for ^^N and equations (17)-(21) for ^''N. The 
crossovers, whose positions are indicated by the cross centers, are not included in the spectral synthesis. The centers of gravity 
of Sc and S are set to zero and to — ii/o, respectively. 




Dy /2 recorded by Jennerich et al. [I] for both isotopes (digitized 



Fig. 4. Top : hyperfine spectra of the transition *P5/2 - 
from the figures of the original article). Middle: level and transition diagrams and corresponding simulated S spectra using the 
experimental hyperfine constants of Jennerich et al. [l]. Bottom: level and transition diagrams and corresponding simulated Sc 
spectra using the hyperfine constant values calculated from equations (9)-(ll) for ^^N and equations (17)-(21) for ^^N. The 
crossovers, whose positions are indicated by the cross centers, are not included in the spectral synthesis. Note that a^ = 7/2 — > 9/2 
(100%) and ec = 5/2 — >■ 5/2 (6.5 %) are superposed. The centers of gravity of Sc and <S are set to zero and to —Svo, respectively. 
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Fig. 5. Middle : hyperfine spectra of the transition *Pi/2 — > *D j /j recorded by Jennerich et al. [T] for both isotopes (digitized 
from the figures of the original article). Top and bottom : level and transition diagrams representing the two assignments 
proposed by Jennerich et al. iJj. The top assignments are the ones favoured by Jennerich et al. We definitely opt for the bottom 
assignments, with crossover (co) signals involving lines sharing their upper level, on the basis of a much better agreement with 
theory [2] . The center of gravity of the spectrum is set to zero. 



3.3 The transition ''P1/2 



-> 



'1/2 



nerich et al. [T] is not the good one, and we definitely opt 
for the second one. 



The spectrum of the transition *Pi/2 —J- ^D?/9 of isotope 



15 



'1/2 



N is resolved (Figure ^ but the lines a (F = 1 ^ F' = 
0) and c (F = — > F' = 1) have the same relative inten- 
sities (50% of the most intense line) . It causes an a priori 
ambiguous assignment. The same problem appears in the 
i^N spectrum where lines a (F ^ 1/2 -^ F' = 3/2) and 
d {F = 3/2 —>■ F' — 1/2) have the same relative intensi- 
ties (80% of the most intense line). Line c (F = 1/2 — > 
F' = 1/2, 10%) is not helpful since it does not appear 
in this spectrum. Because of this identification problem, 
Jennerich et al. [T] suggested two possible values for each 
of the hyperfine constants of the '*Pi/2 and ^Di/2 states 
(see TablefTl). The first proposition corresponds to the case 
where Va < Vc for ^^N and Va < i^d for ^"^N (upper level 
diagram of Fig. pi) . The second proposition corresponds to 
the inverse situation (lower level diagram of Fig. [5]). On 
the basis of the presence of a crossover with a positive 
intensity between lines h and d in the spectrum of ^^N, 
Jennerich et al. [1] estimated that the first proposition is 
the most likely. Indeed, they infer from the presence of 
this crossover that b and d share their lower level, lead- 
ing to the identification of the lines a and d. The same 
argument was used for ^^N using the crossover between a 
and b. A similar argument has been used in previous stud- 
ies of Chlorine [8 and Oxygen [22] . However, a crossover 
arising from two transitions with a common upper level 
may also have a positive intensity [Sl[7]. Combining this 
observation with the fact that the agreement between the 
hyperfine constants of the states ^Pi/2 and ^D° ;2 ^^^^ the 
ab initio values [5] is much better with the second set than 
with the first one, we think that the first choice of Jen- 



3.4 The transition ^P 



3/2 



1/2 



The recorded transition spectra of ''P, 



3/2 



^1/2 1^ 



showed at the top left of Figure [6J For the ^^N spectrum, 
with two well identified lines (a and c) and an experimen- 
tal line b that we interpret as a crossover signal of be and 
Cc^ we applied th e sa me procedure described above, us- 
ing equations (B|-(11). The new constants A' ~ A{ '*P°/2) 
and A — A{ ''P3/2)that we infer are reported in Table [l| 
{Svq = —11.98(12) MHz). Simulated spectra and corre- 
sponding level and transition diagrams are presented in 
the left part of Figure [6j The experimental set of hyper- 
fine constants of Jennerich et al. [T] and the present one 
generate simulated spectra, S and Sc, that do not agree 
as well as for the above discussed transitions. If we rein- 
terpret the crossover co(a, b) suggested by Jennerich et al. 
as a real line {be, F — 1 ^ F' — ly] the relative disagree- 
ment could be attributed to the fact that the line be is 
strong enough to perturb deeply the a line shape. For this 
effect, we refer to the section 4.2 of Jennerich et al. [T] who 
discussed the possibility of observing line shape perturba- 
tion in some transitions, in particular when the separation 
of two lines is comparable to the natural linewidth. Fur- 
thermore, the possible presence of a crossover between Ue 
and be, and the deviation of co(a, 6) from be could affect 
the quality of Jennerich et al.'s fit, making too optimistic 



^ The corresponding line intensity factor calculated from 
equation Q, 20% of the most intense line, would suggest a 
slightly stronger signal than observed. 
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Fig. 6. Top : hyperfine spectra of the transition ^P3/2 — >■ *Pi/2 recorded by Jennerich at al. [l] for both isotopes (digitized 
from the figures of the original article). Middle : level and transition diagrams and corresponding simulated S spectra using the 
experimental hyperfine constants of Jennerich et al. [T]. Bottom : level and transition diagrams and corresponding simulated 
Sc spectra using the hyperfine constant values calculated from equations (9)-(ll) for ^^N and equations (28)-(31) for ^''N. We 
reassigne the crossovers identified by Jennerich et al. and marked in the experimental spectra as co(a, b) and co(6, d) for '^^N and 
^*N respectively, as real hyperfine components (be in the Sc spectra). The crossovers are not included in the spectral synthesis. 
The centers of gravity of Sc and S are set to zero and to —Svo, respectively. 



the uncertainty of their experimental hyperfine constants 
that we use for building the Sc spectrum. 

This problem appears even more seriously in the case 
of ^''N. Indeed, the transition ''P3/2 — ^*Pi/2 cannot be 
analysed according to section [3.2[ Its hyperfine spectrum 
is composed of only one well identified line (a:100%, vi 
= 5/2 — >• 3/2), three nearly equally intense lines (6:30%, 
1/2=3/2^3/2; d:37%, 1^4=3/2^1/2; e:30%, 1^5=1/2^1/2), 
one line which is too weak to be visible (c:3.7%, 1/3=1/2 
— > 3/2) and possibly many crossovers. Trusting our line 
assignment for the same spectrum in ^^N, it is unlikely 
that the experimental line b could be anything else than 
a crossover of the most intense line (oc) and another hy- 
perfine transition. The best candidate for the latter is be- 
We suppose 



1^1 



a\A'^ 



b\B'^ -aiAc- 61 Be 
= Svq + a\A' + b\B' - aiA - biB 
V2 = a[A'^ + b\B'^ - a2Ae - 62-Be 

fli + 02 



Si^o 



a[A' 



b[B' 



-A 



bi 



(24) 



-5.(25) 



On the other hand, the transition 1/3=1/2— >3/2 is too 
weak to be observed and the identification of the tran- 
sitions 1/4=3/2— >-l/2 et 1/5=1/2— >-l/2 are uncertain. The 
observed peak in the region of those lines is interpreted 
as their superposition with their crossovers. It is therefore 
impossible to extract the hyperfine constants A and A' 
from the "'^^N experimental data alone. 



Nonetheless, neglecting in the simulation a crossover 
signal between these transitions introduces an error on 
the 1/4 and 1/5 lines that we denote respectively e^^ and 



We then have 



a'^A'^ 



Va ^ £1/4 + «2^e - «2^e - 62-Be 

= 5uo + a^A' - a2A - 62B 

1^5 = £1/5 + 0-2^ - «3^e - 63-Be 

= Svo + a'2A' - a^A - baB 



(26) 



(27) 



These four constraints permit to express the hyperfine 
constants involved in this transition as a function of e^^ 
and e,,, : 



A'=A/2('P°) 



A- 
B 



AsM'P) 



B./2("P) 



^3/21 



-74.8(34) - -e,, 
61.79(95) -^(e,, 
16.54(82) -I- i(e,. 



(5i/o = 14.60(29) -I- -(e^, 4- e^ J 



6 



(28) 
(29) 
(30) 
(31) 



If we impose A( °N) 



we find 53/2 (^P 



-1.4028 A(i'^N) to get A and A', 
3.5(91) MHz, e,,^ = -36.0(75) MHz, 
3(18) MHz and Si^o = 9.1(44) MHz. Figure [6] dis- 
plays the corresponding Sc simulated spectrum. 

In Figure [7| we finally tempt a crude spectral synthe- 
sis including the two crossover signals co(a, b) and co(d, e). 
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Fig. 7. Comparison of the recorded spectrum of [T] with the 
Sc simulation for the ^P3/2 — > *Pi/2 transition of the ^''N. 
Crossovers co(a, b) and co(d, e), indicated in the level and tran- 
sition diagram, are included in the simulation, with an inten- 
sity equal to the mean of the two interfering transitions. For 
the sake of clarity, the vertical position of the simulated and 
recorded spectra are shifted re shifted with respect to each 
other. The center of gravity of the spectrum is set to zero. 



The intensity values are estimated from the average of the 
two hyperfine relative intensities calculated according to 
equation (HI). The Sc spectrum compares relatively well 
with the recorded one but for the disappearance, as in 
the previously analyzed spectra, of the reassigned transi- 
tion (be). 



transition diagrams using respectively Jennerich et al.'s 
experimental (top) and present (bottom) sets of hyperfine 
constants. The resulting spectra are respectively resolved 
and unresolved. 



4 J-dependent specific mass shifts in 

3s ^P -^ 3p ^L° transitions 

The isotope shift (IS) of a transition is often separated in 
three contributions : the normal mass shift (NMS), linear 
in the line frequency, the specific mass shift (SMS), which 
is proportional to the change of the mass polarization term 
expectation value between the two levels involved in the 
transition 



^ Ep. 



(32) 



I i<j 



and the field shift (FS), which depends on the variation of 
the electron density inside the nuclear charge distribution. 
Using the wave functions of |2], the latter contribution is 
estimated to about 0.2 MHz in the considered transitions 
and is therefore neglected in the present work. The level 
specific mass shift difference between two fine structure 
components J' and J of a same LS term can be obtained 
by measuring the transition IS from these states to a com- 
mon L'S'J' level. 



3.5 Transitions ^P 



3/2 



-^ 



'P5/2 3"d *P,/, ^ 



3/2 



4po 

-^5/2 



The hyperfine spectra of the transitions ^P3/2 
and *Pi/2 — !> *-P3/2 ■were also recorded by Jennerich et 
al. ^ . Our simulated spectra are compared with the mea- 
sured ones in Figures [8] and [9j The S spectrum of the 
transition '*P3/2 —>■ ^P5/2 simulated with the experimen- 
tal hyperfine constants determined by Jennerich et al. [T] 
indicates that the measured spectrum should be resolved 
while it is not in reality. There is another contradiction 
between the synthetic and experimental spectra for the 
transition ''P1/2 — ^ ^^3/2 °^ isotope ^^N. There is in- 
deed an asymmetry in the measured line that suggests 
the presence of a low intensity line to the left of it (see the 
uppermost spectrum of the right part of Figure Isl), while 
the experimental hyperfine constant set tends to predict it 
to the right. To explain this discrepancy between simula- 
tions and observations, the authors suggested that strong 
line shape perturbation could appear in these transitions 
in a saturation spectroscopy experiment (cf. section 4.2 of 
[T]). To the contrary, the simulations based on the present 
reinterpretation (bottom of Figures pi) are in agreement 
with the non-resolved spectra and small features in those 
lines are assigned. 

The only measurement of the spectra of the transi- 



tion "P 



3/2 



^^^3/2 ^^^ recorded by Cangiano et al. [1] 



but no figure is presented for it. Figure 10 displays both 
S and Sc simulated spectra and corresponding level and 



Upper levels 3p ^P" and 3p '^D" : Cangiano et al. g] 
found some J-dependency for the upper 3p ^P° term SMS. 
They obtained 110(300) MHz and 318(300) MHz for the 
SMS differences 5/2 — 3/2 measured relatively to 3s "^^5/2 
and 3s '^^3/2, respectively. Holmes [3] predicted a compat- 
ible shift of 51(33) MHz. Only the value of Cangiano et al. 
obtained with respect to the level 3s ^^5/2 overlaps with 
the experimental results of Jennerich et al. [T] who found 
a negative difference of -32.0(32) MHz (see Table [2]). In 
the case of the 3p '^D° term, Jennerich et al. measured 
-14.7(2.5) MHz for the 7/2 - 5/2 levels SMS difference. 

As suggested in section J3j the results of Cangiano et 
al. [1] and Jennerich et al. [1] are affected by a wrong as- 
signment of the spectral lines, inducing an error dvQ on 
the fine structure transitions center. Adopting the present 
interpretation of the observed spectra, the SMS values are 
revised from the sum of the IS and Svq, with their uncer- 
tainties (see last column of Table [2]). The error estimation 
on the SMS values is likely optimistic and should ulti- 
mately be refined from a proper fit of the recorded spec- 
tra. It is however useful within the limits exposed in the 
beginning of section [3] 

We observe from the third column of Table[2]a remark- 
ably small J- and L-dependency of the SMS for the odd 
3p '^L°j upper states, in agreement with limited relativis- 
tic ah initio calculations that estimate a J-dependency of 
maximum 1 MHz. 

As discussed in section[X5J we predict unresolved spec- 
tra, as observed, for 3s ^Pj — > 3p ^Pj/, with [JtJ') — 
(1/2,3/2), (3/2,3/2) and (3/2,5/2) (see Figure § [9] and 
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Fig. 8. Top : hyperfine spectra of the transition *Pi/2 ~>*P3/2 recorded by Jennerich et al. [T] for both isotopes. Middle : the 
S simulated spectra using the experimental hyperfine constants of Jennerich et al. [T]. Bottom : the Sc simulated spectra with 
the corresponding level and transition diagrams, calculated with the present hyperfine structure constants. The scale of the 
recorded spectra is adjusted with respect to the Sc simulation simultaneously for both isotopes, using the most intense peak of 
^''N and the small signal to its left that we assign to the F = 3/2 -^ F' — 3/2 hyperfine component. The center of gravity of S 
and Sc is set to zero. 






Fig. 9. Top : hyperfine spectra of the transition''P3/2 — >'^P5/2 recorded by Jennerich et al. [l] for both isotopes. Middle : the 
S simulated spectra using the experimental hyperfine constants of Jennerich et al. [T]. Bottom : the Sc simulated spectra with 
the corresponding level and transition diagrams, calculated with the present hyperfine structure constants. The scale of the 
recorded spectra is adjusted with respect to the Sc simulation simultaneously for both isotopes. The center of gravity of S and 
Sc is set to zero. 



10), while Jennerich et ah [T] explained the absence of 
expected structure by invoking strong line shape pertur- 
bations. Therefore, the shifts for these lines could be more 
meaningful that originally thought. However, a fit of the 
original spectra for those transitions is needed to assure a 
more precise determination of their SMS. 



Lower level "^P : Holmes measured a value of —240(68) 
MHz for the SMS difference ''-P5/2-3/2 using the two tran- 
sitions sharing the common 3p ^•S'g/j level j^. For the 
same difference, Cangiano et al. measured —553(300) MHz 
and -344(300) MHz using 3p ^P°/^ and 3p '^P!^/^, respec- 
tively [3] . As revealed by the last column of Tablel2J all the 
SMS values for the 3s ^P^/2 -^ 3p ^L°j transitions lie in a 
window of -2746(3) MHz. Assuming that the SMS value 
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30 MHz 



3/2 



P3/2 ^O"^ both isotopes. Top : line and transition diagram 



Fig. 10. Hyperfine spectra simulations of the transition ^P; 

with the corresponding S simulated spectra using the experimental hyperfine constants of Jennerich et al. Llj . Bottom : line and 
transition diagram with the corresponding Sc simulated spectra using the present hyperfine structure constants. The center of 
gravity of S and Sc is set to zero. 



differs weakly between the fine structure levels 3p '^L°j, as 
discussed above, we obtain about —167 MHz for the level 
SMS difference 3s *P(5/2 - 3/2) and about -91 MHz for 
(3/2 - 1/2). 



This relatively large J-dependency can be explained by 
the well known strong mixing between Is^ 2s^ 2p^ 3s ^P 
and Is^ 2s 2p'^ ^P pll23|. Indeed, the inspection of the 
Breit-Pauli eigenvectors obtained in relatively large corre- 
lation spaces reveals that the weight of the Is^ 2s 2p'^ '^P 
component («0.3) increases by about 1% from J — 1/2 to 
J = 3/2 levels, and by 2% from J = 3/2 to J = 5/2. These 
changes of eigenvector compositions are most likely reli- 
able since they well reproduce the observed fine structure 
(within 2%). We conclude that the 3s '^P J-dependency of 
the wave functions can be estimated neglecting the term 
mixing of different PS'-symmetries and is largely domi- 
nated by the relativistic effects on the 3s ^P correlation. 



Table 2. Transition specific mass shifts (in MHz). Comparison 
between the values deduced from Jennerich et al.'s analysis 1 
(second column) with the values deduced from the Sc spectra 
(present analysis - see text). The field shift is neglected. 



Transition 


ref. [T] 


This work 


3s *Pi/2 ^ 3p ''DJ/2 


-2488.1(15) 


-2488.1(15) 


3s -^Pa/a ^ 3p *P°/2 


-2558.3(22) 


-2579.4(68) 


3s 4p5/2 ^ 3p ^D°/2 


-2748.17(84) 


-2748.17(84) 


3s *P5/2 ^ 3p ^D?/2 


-2762.9(16) 


-2746.4(18) 


3s *P5/2 ^ 3p *P°/2 


-2713.4(14) 


-2746.4(17) 


3s *P5/2 -> 3p *P°/2 


-2745.4(18) 


-2745.4(18) 



5 Conclusion 

We completely revisited the analysis of the near-infrared 
hyperfine Nitrogen spectra for transitions 2p^(^P) 3s ^Pj 
—>■ 2p^{^P) 3p *Pj and ^Dj. The proposed assignments 
for most of the weak lines observed by Cangiano et al. [3] 
and Jennerich et al. [T] are built on the hypothesis of 
crossovers signals appearing with intensities comparable 
to the expected (weak) real transitions, while the latter 
do not appear in the experimental spectra. This suggests 
strong perturbations in the recorded spectra, making the 
signals corresponding to weak transitions less intense than 
expected. 

The possibility of an improper assignment of hyperfine 
components was ruled out by Jennerich et al. [Tj by the 
fact that "the fits shown in Figure 2 are so gooc^ and 
the resulting transition strength ratios are very close to 
the theoretical values'''' . On the other hand, for the transi- 
tions ''Pi/2 -^ '^^3/2 ^i^d ''P3/2 -> ''P5/2J the original 
analysis [T] called for strong line shape perturbations for 
explaining the non-observation of the expected resolved 
hyperfine structures for some transitions (one or two of 
the hyperfine components of a given transition becoming 
dominant, and the others becoming negligible in strength). 
The robustness of the present interpretation of the hyper- 
fine spectra lies in the very good agreement of the present 
model with the observed non-resolved spectra for the lat- 
ter transitions. Moreover, while systematic large theory- 
observation discrepancies appeared for the relevant hy- 
perfine parameters [2], the present analysis provides an 
experimental estimation (from the same spectra) of the 
hyperfine parameters in very good agreement with the ab 
initio results. 

Non-linearities in the line intensities ratios are to be 
expected in saturated absorption spectroscopy. Even if the 
experimental setup can often be adapted to permit an un- 
ambiguous assignment of the spectra, we showed that this 

^ see top spectra of Figures 1 to 5 of the present paper. 
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ambiguity can persist or, worse, that the spectra can be 
misleading, even, and maybe more, in very simple spectra. 
In those situations, theoretical calculations are helpful in 
discriminating two probable scenarios. 

The recorded spectra of Jennerich et al. pj should be 
reinvestigated according to the present analysis to refine 
the new set of hyperfine constants set and associated un- 
certainties. A definitive confirmation of one set or another 
would be the observation of a signal that is predicted in 
one model, but not in the other. An alternative would 
be to show a crossover-like dependence of the weak lines 
intensities with the experimental setup. 

Isotope shift values were extracted from Jennerich et 
al.'s spectra [T]. Significant variations of the IS within 
each multiplet were reported. The present analysis built 
on a substantial revision of the hyperfine line assignments 
washes out the J-dependency of SMS found for 3p *P° and 
3p ^D° multiplets. On the contrary, a somewhat large SMS 
J-dependency is deduced for the even parity 3s ^P multi- 
plet. This effect is enhanced by the strong non-relativistic 
mixing with Is^ 2s 2p'^ *P, which depends strongly of 
the total atomic electronic momentum J once relativistic 
corrections are added. 
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